Abstract: The ability to print high-resolution (< 10 µm) three-dimensional (3D) features is important in numerous existing and emerging applications such as tissue engineering, nanoelectronics, photovoltaics, optics, biomedical devices etc. The current chapter is focused on a sub-set of high-resolution printing techniques that exploit micro and nanofluidics features to attain high resolution. Here these approaches are referred as fluidics assisted high-resolution 3D printing. Salient examples of such techniques are electrohydrodynamic printing, direct-write assembly, aerosol jet printing, etc. The chapter starts with a brief introduction and discussion on the challenges of high-resolution printing. This is followed by a section on fundamental mechanisms of droplet, jet and filament formations, and their role in deciding the print resolution. Commonalities between different printing techniques (e.g. the physics of jet breakup and role of capillary stresses) are highlighted in order to provide a systematic understanding and context. Next the fluid mechanics features determining the print resolution and quality are discussed in detail. This includes sections on the role of ink rheology, evaporation rate, nozzle size, substrate and nozzle wetting properties (i.e. surface energy) and dynamic effects such as drop impact and spreading, stability of printed liquid lines and liquid filaments etc. Wherever relevant, literature on much more established inkjet printing techniques is also exploited to provide a context for the high-resolution printing and clarify the distinct benefits and challenges that emerge at progressively higher resolutions. In the wetting and surface energy section, features of dippen lithography and transfer printing, two popular techniques for two-dimensional high-resolution printing, are also briefly introduced for completeness. Lastly, the chapter ends with a summary and brief perspective on future research trends in this area.
Introduction
Rapid prototyping and simplifying manufacturing processes and supply chains are some of the key features that have elicited exceptional interest in 3D printing technologies. In recent time, considerable progress has been made to extend these approaches to print at high-resolution (<10 µm) with progressively increasing diversity of materials being printed for a wide variety of applications ranging from flexible and wearable electronics to a new generation of photonics and implantable devices [1] [2] [3] . In this chapter, we will focus on a sub-set of these techniques that exploit micro and nanoscale fluidics and discuss the features that are used to enable high-resolution 3D printing. We will begin with a summary of the challenges of such fluidics assisted high-resolution 3D printing and the progress made towards overcoming them. We will then move on to a discussion on specific features of fluidics assisted printing techniques and the fluidic features that play a role in each. Among the various high-resolution printing techniques exploiting fluidics, electrohydrodynamic (EHD) and direct-write (DW) printing techniques and approaches relying on their hybrid features, are the most well established in terms of high-resolution capability and thus are our primary emphasis. Additionally, we will also briefly cover dip-pen lithography and transfer printing techniques, which share some commonalities in terms of fluidics and wettability features with EHD and DW techniques. Within each technique we will discuss the fluidic features that are exploited and delve into the fundamental mechanisms that underpin them such as droplet formation, jetting and filament formation. Following this, we will look at the fluid mechanical properties that play a key role in deciding the print resolution and quality, e.g. the printing "ink" rheology, evaporation rate, nozzle size, substrate and nozzle wetting properties (surface energy) and dynamic effects (pertaining to liquid-solid interactions which are present in all fluidics assisted printing technologies). We will finish with citing salient applications of the printing techniques introduced and some discussion on future directions in this active research field.
Challenges of high-resolution 3D printing
There are a number of key challenges that have dogged the development of highresolution printing. Firstly, such printing often requires flow through small capillaries and channels, where the pressure drop scales with ~D 4 (Poiseuille relationship, c.f. Equation 3.3 below) [4] , with D being the relevant length scale, e.g. the diameter of the printing nozzles. This implies a 16-fold increase in pressure drop when halving the nozzle diameter. Thus, for same flow rate, going down from ~10 m to ~1 m will entail a four orders of magnitude increase in the pressure drop. Secondly, at small scales the capillary (interfacial) and wettability effects are highly dominant and must be carefully controlled [5] . This implies a control of wettability (often at microscale) of both the dispenser (e.g. nozzles, tips, or printing stamps) and the substrate, which is non-trivial.
Thirdly, evaporation of a liquid scales with surface area; for example, for a sessile droplet this will imply ~2 scaling, where dc is the contact diameter (see section 3.4) [6] . This implies that inks formulated for standard inkjet printing (with minimal nozzle diameters of ~ 10 m), run into serious clogging issues when used in highresolution printing. Often, for stability of the printed structures, a higher-evaporation rate is required post processing. This increases the solid content of the printed features, raising their local elastic moduli and stability [7, 8] . However, this requirement is at odds with the evaporation-led nozzle clogging. In fact, for some techniques, such as direct-write printing, thick inks with a shear thinning property are desirable. This naturally, requires a careful formulation of the ink, which is nontrivial. Last but not least, often exploitation of high-resolution printed structures relies on their integration on existing devices and application-specific substrates. This poses a materials challenge and packaging issues, which are not unlike what the microelectronic industry has faced for a long time. Whereas this has not stopped major early inroads to demonstrate the exciting potential of high-resolution 3D printing, on-demand and site-specific deposition of material on 3D substrates encountered, for example, in healthcare engineering applications, continues to remain an important challenge to overcome.
Fundamentals: droplets, jets and filaments in printing
In this section, we will discuss the mechanisms of droplet, jet and filament formation which underpin the fluidics assisted high-resolution 3D printing. The benefits of each of the mechanisms are also discussed along with how each one is used in high-resolution 3D printing techniques. A brief introduction to each of the printing techniques mentioned is also given for fullness.
Droplets and jets: electrohydrodynamic printing
Electrohydrodynamic (EHD) printing uses electric fields to eject ink through printing nozzles and achieve high-resolution 3D printing [9] . The nozzles used typically have inner diameters in the range of 100 nm to several µm. As required, pneumatic backpressure can be employed to help force the ink to the nozzle tip, where a meniscus forms. The surface tension of the ink allows the meniscus to hold its shape at the tip of the nozzle. An electric field is then applied between the nozzle and the substrate to be printed on (see Fig. 2 .1A). The electric field is applied by inserting a metallic wire into the nozzle capillary or by coating the nozzles with a thin layer of metal (usually gold) [9] . The electric field causes movement of the ions in the ink and results in a build-up of mobile ions on the surface of the meniscus [10] . This accumulation of ions in the meniscus leads to an increase in concentration of Maxwell stress in this area. As the electric field increases, so too does the Maxwell stress. The Maxwell stress acts against the surface tension (capillary) stress and causes a deformation of the meniscus into a pointed shape. At a threshold value, the Maxwell and the capillary stresses will be balanced (there is also a small, negligible contribution from gravity)
Above this threshold value the Maxwell stress overcomes the capillary stress of the inks and material begins to be ejected and deposited on the substrate underneath [11] . The detailed physics of ink ejection from the nozzle and drop formation is complex and still under investigation. In fact, as will be discussed later in this section, depending on the field strength and the ink properties, a number of different liquid ejection modes are observed (see Fig. 2 .1B) [12] [13] [14] . Fortunately, a good understanding of the ink ejection physics can be gained by analysing various time scales involved in EHD printing, such as the droplet formation time, the time of liquid supply to the droplet and the charge relaxation time.
Clearly, to achieve the minimal amount of ink ejection (a single droplet) the characteristic time of liquid supply (τq) must be greater than the characteristic time of droplet formation (τd) [15] . Put simply, the droplet must have enough time to form before more material flows to the ejection point, i.e.,
> (2.2)
In the limit that Equation 2.2 is valid, the time between droplet ejections can be calculated by dividing the droplet volume by the volumetric flow rate ( ) through the nozzle [15] , which is controlled by the ink feed rate to the nozzle, as
where d is the droplet diameter. Note that by replacing the drop diameter with nozzle diameter in Equation 2.3 we can obtain the time scale for liquid supply to maintain the meniscus forming at the nozzle tip, .
The characteristic time of droplet formation can be determined by balancing the surface tension force with the viscous forces. A liquid element will tend to deform to minimise surface area -by forming a droplet -due to surface tension; viscous forces will resist the liquid deformation. The resulting time scale for drop formation can be expressed as [15] 
where µ is the dynamic viscosity of the fluid, d is the droplet diameter and γ is the fluid surface tension. Therefore, from Equation 2.2, for droplet formation we have
Equation 2.5, clearly provides an upper limit on the volume flow rate in case dropwise printing is desired. If on the other hand, > the liquid ejection rate is too quick to form a droplet and thus ejection should occur in a continuous jetting mode [15] .
In EHD printing the liquid ejection is controlled by the ink feed rate, the strength of the applied field and the ink properties. The imposed electric field introduces charges (ions) in the ink. The motion of the charges across the ink meniscus is controlled by the ink conductivity and dielectric strength. It is convenient to think of the movement of charges in a dielectric liquid medium (ink) in terms of their relaxation time (τε), which is defined as the time it takes for ions to move across the dielectric to reach the surface [15] . This charge relaxation time can be expressed as
where ε is the electrical permittivity of the ink and σ its electrical conductivity. Low charge relaxation time relative to the time for liquid supply ( ) can facilitate charge accumulation at the meniscus surface after voltage application, thereby facilitating a competition between the resulting Maxwell stress and the capillary stress to facilitate liquid ejection, beyond a critical value of field strength. Under this condition, if a droplet is ejected from the meniscus the Maxwell stress is high enough to sustain the meniscus, thereby facilitating a sustained ejection of liquid from the meniscus. If on the other hand, the charge relaxation time is larger than the characteristic time of liquid supply then the instantaneous electrical conduction across the ink is no longer the dominant charge transport method and charge convection takes over. The charges are removed from the surface by liquid convection and the long relaxation time prevents its replenishment via conduction. At this point, charge cannot be brought to the meniscus surface fast enough to maintain the balance of Maxwell stress with the capillary stresses and the meniscus can easily retract after ejection of a drop, which makes the liquid ejection unstable [14, 15] . Liquids with < are referred to as leaky dielectrics. For leaky dielectrics liquid ejection can be maintained in several different modes [12] depending on the applied electric field strength (see Fig. 2 .1B). At low values of field, electric field, liquid ejection occurs through dripping in the form of droplets with size greater than the nozzle size; this is essentially an extension of gravity driven dripping, albeit now assisted by electric field. At higher field, the Maxwell stresses become stronger and the meniscus takes a progressively sharper conical shape with liquid ejection occurring from the cone tip. The ejection at intermediate field strengths (marked by dotted rectangle in Fig. 2 .1B) occurs in the form of drops (dripping) or jets with diameter much smaller than the nozzle size (up to an order of magnitude). The dripping mode is referred as micro or nano-dripping (depending on the drop sizes) and the jetting is referred as e-jet. The latter occurs either in the form of a pulsed jet or a steady jet (at stronger field). At even higher field strengths, the jet becomes unstable and uncontrollable, with occurrence of multiple jets being another invariably observed phenomenon. At still higher electric field strengths, complex jetting patterns are observed. At very high electric field strengths atomisation occurs and is the basis of electro-spraying.
The dripping and jetting at 'intermediate' field strengths (dotted rectangle in Fig.  2 .1B), however, are controllable and can be used to achieve high-resolution EHD printing. The noteworthy printing regimes are discussed in more detail below. 
Nano-dripping
To form a micro/nano-dripping mode, two conditions have to be met: the characteristic time of supply of liquid to the droplet has to be longer than the characteristic time of drop formation (τd < τq) and the relaxation time must be smaller than the time of supply of liquid to meniscus (τε < τQ). In fact, by appropriately formulating their dilute nanoparticle suspension (ink), Galliker et al. [15] were able to achieve stable on-demand dripping from the meniscus at nanoscale (nano-dripping) Fig.  2 .1B. To estimate the droplet diameter, d, they evaluated the following balance of surface tension and electric forces numerically [15] with E denoting the electric field, V the applied voltage, daz a differential surface element for the integration over the small hemispherical surface with subscript z denoting the z-direction (from nozzle to substrate), ε0 and the permittivity of air and the surface tension, respectively. The integral in the above equation was evaluated by solving for the Maxwell stress tensor in the z-direction followed by integration on the surface of the small pendant droplet. Using 1-m size nozzles, they were able to achieve sub-100 nm drops.
E-jetting
The second case we will describe is e-jetting, where the ink is ejected in the form of an electric field induced jet. For jetting to occur, the electric field induced Maxwell stress must be much stronger than the capillary stress. This causes the meniscus to become sharply conical, which is known as a Taylor cone. The regime is distinct from the micro/nano-dripping mode, and occurs at higher field strengths. As described above, for jetting, the characteristic time of liquid supply to the droplet (τq) must be less than the characteristic time of droplet formation, i.e.,
< (2.8)
In fact, as the electric field strength increases beyond micro-nano-dripping, first a stream of ejected material is present. Further inspection reveals that this jet is not a continuous stream and is made up of discrete (larger) droplets released in rapid succession. At this point, a pulsating jet can be created by toggling the electric field on and off, provided that the ink flow and electric field strength are less than that required for a continuous jet (known as the critical or Taylor threshold [9] ). At even higher electric field strengths the rate of droplet release increases to give a continuous stream of material jetting from the cone, known as a cone-jet.
For high-resolution printing applications pulsating jets or cone-jets are preferred as they allow a high degree of controllability to deposit material where required. The print resolution achieved using these methods can be as low as ~100 nm [9] . The final print resolution depends on many variables such as the flow rate, the ink properties, the nozzle diameter, the electric field and the distance between the nozzle and the substrate. These aspects will be described later in the chapter.
Meniscus transport: Dip-pen nanolithography
Using pens to write on paper is one of the earliest methods developed by humankind to create patterns on solid surfaces [17] . There have been many advancements since the days of using quills to write but the basic principles remain the same. The ink is first prepared by mixing solid ink particles with a liquid solvent. The ink is then deposited onto a surface during the writing process. The ink can be transferred from the "pen" either by capillary flow or by applying a back pressure to move it through; regardless of the ink driving mechanism, the ink flow between the pen and the substrate occurs via a liquid bridge (capillary bridge) [18, 19] . After writing, the solvent evaporates out, leaving behind only the solid particles from the ink [17] .
Essentially, dip-pen nanolithography uses an atomic force microscope (AFM) tip as the pen to deposit ink directly onto a substrate with nanometre precision. The principle of AFM microscopy differs from optical or electron microscopy as in AFM a sharp tip is moved across the surface to "feel" the bumps and groves [20] . This is referred as the contact mode of AFM imaging. This data can then be analysed to produce visual images similar to those produced in optical or electron microscopy. By using the AFM tip as the pen high-resolution deposition can be achieved.
The dip-pen lithography was pioneered by Mirkin's group [21] . The tip was coated with a molecular ink, similar to how quill pens are coated in ink. When the tip was brought close to the substrate under ambient conditions, water condensed at the AFM tip between the tip and the solid substrate [22] , similar to the Kelvin condensation effect in confined geometries with high curvature, thereby forming a liquid bridge between the tip and the substrate. The molecules in the ink then diffuse from the tip down to the substrate where they are deposited in the wake of the tip as it moves along the surface (see Fig. 2 .2). By altering variables such as humidity, temperature and tip speed the ink deposition rate and printing resolution can be adjusted to ~10 nm [17] .
The molecular diffusion from the tip to the substrate is believed to be facilitated by the water meniscus that forms between the two [22, 23] , hydrocarbon deposition without meniscus has also been reported [24] . In either case however the material deposition was established to be diffusion driven. The water meniscus is formed from residual water that is present on the surface of the sample and the tip under ambient conditions. As the tip is moved close to the surface, a capillary force acts on the water that is present and moves it towards the interface between the tip and the surface. This position (at the tip-surface interface) is the thermodynamically preferred position of the water in such a system and has been well studied [23, 25, 26] . Dip-pen lithography has advantages over other techniques as it can be used to print hard and soft materials, this makes it a useful technique in biology for depositing soft materials onto various substrate surfaces [27] . 
Filaments: direct-write (DW) printing
Direct-write (DW) printing [28] uses a computer-controlled extrusion system as shown in Fig. 2 .3A. The ink to be printed is extruded from a nozzle either pneumatically or using capillary action between the ink and the substrate; the ink forms a filament spanning from the nozzle to the substrate and the relative motion between the nozzle and the substrate can be used to obtain printed features. High-resolution (with μm or nm repeatability) positioning stages can be employed for moving either the substrate or the nozzle to facilitate the relative motion ( Fig. 2.3B ). Also, a collocated long-distance microscope is used to monitor and set the nozzle-substrate distance.
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Figure 2.3: (A) Schematic of DW printing setup using custom-made nozzle with diameter controlled down to ~100 nm, and (B) an example of DW printed silver electrode array [29] .
Many different types of inks have been shown to be printable at high-resolution with this type of setup such as colloidal suspensions, fugitive organic inks, hydrogels, sol-gels, polymers, polyelectrolytes and nanoparticle filled inks [29] . A big advantage of DW printing operations is that no temperature control system is needed when the inks are suitably formulated. Most of the inks can be deposited at room temperature, but some inks such as polyelectrolyte inks need a coagulation reservoir to enable 3D printing [30] . To achieve further stability of the printed structures, post-treatments are usually used, for example, thermal annealing or UV curing.
Print resolution in this case depends on nozzle size, nozzle and substrate wettability, ink rheology and evaporation characteristics (to be discussed in greater detail later) and the stability of the direct-write filament between the nozzle and the substrate. For Newtonian liquids, Plateau established that filaments with lengths less than their perimeter are stable in static conditions; under dynamic conditions, especially when the ink solvent is evaporating during the DW printing process, the filament stability is complicated [19, 31] . The evaporation of the solvents raises the concentration of solutes or dispersed phases with time, which should improve the stability of the filament [8] . However, too rapid evaporation can cause nozzle clogging. High solute or dispersant loading will increase filament stability; however, this will also raise the pressure drop across the nozzle. Thus, ink formulation requires careful control of its constituents [32] .
Nozzle-less printing
One way to overcome the issue of inks clogging inside the nozzle during printing is to simply remove the printing nozzle altogether. This interesting approach in fact has been realized using a number of different techniques, each of which show varying, but exciting promise. In this section, we will highlight two key nozzle-less printing methods, explain the principles behind them and discuss how they have maintained high-resolution printing without requiring a microscale nozzle.
Pyroelectrohydrodynamic printing
This dispensing approach was introduced in the last decade and it uses a pyroelectrohydrodynamic dispenser to create attoliter liquid droplets without the use of nozzles [33] . The system requires two plates (a target plate for droplet dispensing and a slab of pyroelectric material, such as lithium niobate) and a heat source (e.g. an infra-red (IR) laser or a hot soldering tip) as shown in Fig. 2 .4A and B. Scanning the heat source over the lithium niobate substrate creates local pyroelectric forces, which deform the liquid (ink) meniscus locally akin to EHD printing. At sufficient thermal pulses, just as in EHD, micro or nanoscale droplets are formed and driven from the reservoir to the target plate. Various patterns can be achieved by moving the heat source to manipulate the shooting direction at different angles and locations [33, 34] .
The size of print droplets could be reduced by decreasing the volume of the drop reservoir as shown in Fig. 2 .4C, which indicates a positive correlation between their sizes. The optical microscope images ( Fig. 2.4D ) present the tiny droplets of oleic acid dispensed from drop reservoirs with various volumes and dimensions. The smallest dispensed droplets had volumes as low as 3.6 al and radii of 300 nm as can be found in Fig. 2 .4C [33] . Overall, in terms of printing resolution, the printed droplets had sizes comparable to the electrohydrodynamic approach [35] , which means that the pyroelectric approach also has the ability of high-resolution printing.
Laser-induced forward transfer (LIFT) printing
Another nozzle-less printing technique is laser-induced forward transfer (LIFT). This technique involves shining focused laser pulses at a surface to cause material ejection above the intended substrate. In this approach, shown schematically in Fig.  2 .5A, focused laser pulses are directed towards a carrier surface held parallel to the printing substrate. This suspended carrier is actually composed of multiple layers. In its simplest form, it has a transparent glass layer (carrier/support layer) and a thin film of the material to be printed (donor layer) coated over it [3] . When the laser pulse hits the surface, it propagates through the transparent carrier layer and is absorbed by the donor layer. Depending on the fluence of the laser pulse (i.e. energy input per pulse in J m -2 ), the donor layer may melt or be vaporized [36] . The melting/vaporization causes a pressure change at the carrier layer-donor layer interface. This in turn forces the ejection of a liquid droplet of the donor material which falls to the substrate surface beneath [3] . When it reaches the substrate the droplet cools and solidifies. A fresh location of carrier/donor material is then positioned at the lasers focus and the substrate is moved to create the printing pattern. This two layer carrier/donor method has been shown to print a wide range of single element materials such as copper, gold, aluminium, tungsten and many more [38] . Fig. 2 .5B shows an example of Si nanoparticle arrays printed using LIFT [37] . A limitation of the method is that the material undergoes a phase change as it is ejected. For many materials this phase change can detrimentally affect the properties of the printed material such as its electrical behavior, structure, homogeneity, chemical activity and biological activity [38] . To overcome this issue a different approach is taken, multi-layered donors. Instead of the donor layer directly absorbing the laser light an additional absorbing layer is sandwiched between the carrier and the donor layers. This layer is referred to as the dynamic release layer (DRL) [38] . The DRL then undergoes melting or vaporization when the laser pulse is absorbed, generating the pressure change required to eject the donor material. By selecting the appropriate DRL an even wider range of materials can be printed. Fluid materials containing biological cells can be printed by using a thick polymer DRL coated in a thin film of the fluid. When the laser pulse interacts with the DRL in this case it causes plastic deformation which mechanically ejects the fluid onto the substrate (blister-actuated LIFT) [38] .
For bi-layer LIFT systems, at fluences above threshold a thermally induced nozzle regime (TIN) can be reached [3] . At these fluence values the thermal diffusion length is less than the donor layer thickness. This prevents the donor material from being fully liquified. The liquified material travels from the carrier-donor interface to the ejection surface. When this wave of molten material reaches the ejection surface it breaks through and is ejected through a small quasi-nozzle [3] . Jetting can also occur in the TIN regime. At even higher fluences spraying is encountered [38] .
Transfer printing
Basic principle of transfer printing is analogous to stamping, wherein a patterned stamp is wet by a suitably formulated ink, followed by a physical contact of the stamp with the substrate which allows a capillarity enabled transfer of the stamp pattern to the substrate. Using techniques such as photolithography, the features in the stamp can be manufactured with micro and nanoscale precision, which can be exploited to achieve high-resolution pattern transfer. A high-fidelity pattern transfer however requires careful control of the ink rheology, wettability and elastic properties of the stamp and the substrate [39] . Depending on the exact design of the stamp and the pattern transfer process, transfer printing can be of several different types (see Fig. 2.6 ), e.g., relief, intaglio, lithography and screen [18, 40] . Relief transfer printing is based on a classical stamp composed of raised parts that make contact with the surface they are being pressed onto. The ink to be transferred (red colour in Fig. 2.6 ) is placed onto these raised areas and is transferred from the raised design to the substrate when the "stamp" is removed.
Intaglio transfer printing is the inverse of relief printing as the design of the "stamp" is such that the ink is in sunken wells instead of on raised parts. The wells can be filled and the substrate placed on top and the ink is transferred when the top surface is lifted off.
Lithographic transfer printing is similar to relief transfer printing but instead of physically raising areas to create contact patterns, a flat surface is treated so that only certain areas hold ink on them and in the other areas the ink does not stick. Then the same principle applies as before when this is pressed onto a surface the ink is transferred.
Screen transfer printing differs slightly from the previously described methods as it uses a stencil instead of a stamp. The stencil is applied to the surface to be printed on and then ink is applied on top of that. The ink then goes through gaps in the stencil so that the ink is only applied to the chosen areas on the printing surface. Then the stencil is removed and only the stencil pattern of ink remains.
High-resolution requires reducing the features sizes of the stamp or the stencil. However, by reducing the features sizes the durability of the stamps decreases as the contact between two hard surfaces applies a lot of pressure on them. A better technique at high-resolution is to create conformal stamps. A conformal stamp can be created by using a patterned elastomeric material as the printing layer [41] . When in contact with the substrate the conformal stamp macroscopically conforms to the shape of the substrate and microscopically adapts to the surface roughness leading to intimate contact [40] . Transfer printing has been exploited to demonstrate multilayer and 3D structures [42] and, in combination, with directed self-assembly of block copolymers, has been demonstrated to achieve sub-10 nm resolution [43] .
Fluid mechanics features
In this section, we will discuss some of the key fluidic features that influence fluidics assisted high-resolution 3D printing. We begin with ink properties by defining key rheological parameters. We then move on to substrate wetting. The next features we examine are nozzle properties, e.g., nozzle size and wettability and their role in the final print resolution. Finally, the section ends with dynamic effects such as evaporation and the features of drop impact on the substrate. In each case we will also discuss techniques to tune the print resolution and quality and/or overcome the limitations that these fluidic features introduce.
Ink rheology and pressure drop
Ink properties are critical to deciding the printing resolution and stability of printed structures. Here we will explore the rheological properties of ink such as viscosity and viscoelasticity along with discussing their role in controlling the pressure drop across the printing nozzle and stability of printed features.
Viscosity measures a fluid's resistance to deformation from an applied stress. Viscous resistance plays an important role in fluidics assisted high-resolution 3D printing, since all fluid flows are under stresses in shear and/or normal directions. Depending on whether the fluid viscosity is strain rate independent or dependent, fluids are categorized as Newtonian and non-Newtonian, respectively.
Non-Newtonian fluids can be further categorised as follows. Shear thickening liquids have a viscosity that increases with shear rate, shear thinning liquids have viscosity that decreases with shear rate, thixotropic liquids have a time dependent viscosity which decreases at a constant shear rate, rheopectic liquids have a time dependent viscosity which increases at a constant shear rate, Bingham plastics are fluids that display solid like properties at low stress and viscous characteristics at high stress and Herschel-Bulkley fluids have solid like behaviour at low shear rates and a shear dependent behaviour at higher shear rates [44, 45] , etc.
In high-resolution 3D printing, non-Newtonian fluids are often encountered. Ahn et al. tuned the ink viscosity by varying moisture and nanoparticle content, and achieved an optimal range of viscosities for printed line spreading control as well as 3D printing features [29] . Recently, printing of softer materials has received wide-spread attraction for tissue engineering, bio-scaffolds, and flexible electronics applications. The behaviour of these materials can neither be characterised as a pure liquid with viscous dissipation nor as a pure solid with elastic properties. Their properties in fact reflect both elastic (solid-like) and viscous (liquid-like) characteristics. Thus, these materials are termed as viscoelastic materials. The dynamic modulus (G) is used to describe the rheology of such viscoelastic materials. The dynamic modulus relates the materials' dynamic stress and strain and can be expressed as
where i is square root of −1. Equation 3.1 essentially states that G can be separated into two components, the storage modulus (G) which captures the elastic properties and the loss modulus (G) which characterises the viscous properties. Each of these moduli can be measured by subjecting the material to an oscillatory shear deformation [48] and measuring the resulting dynamic stress and strain parameters using a rheometer as: where σ0 and ε0 are respectively the stress and strain amplitudes recorded by the rheometer, and δ is phase difference between these two moduli.
A high value of G facilitates stability of printed 3D structures [8] . Fig. 3 .1A shows the results of a study designed to examine how dilution of an ink influences its storage modulus. The study looked at an adhesive ink of silica-filled polydimethylsiloxane (PDMS) [46] . Dilution of the ink was achieved by adding unfilled PDMS to the silica-filled PDMS. The decrease in the storage modulus can be seen to occur at lower oscillatory stresses as the dilution increases. Above 50% dilution (0.5 Ink) the storage modulus decreases immediately. This indicates that the storage modulus and the ink viscosity are too low for stable 3D printing filaments to form. Fig. 3 .1B shows how the storage and loss moduli vary with temperature. The sharp change at approximately 90 °C signifies thermal curing. By knowing at what temperature this change occurs we can determine the minimum temperature required to thermally anneal printed structures.
Printing 3D structures of soft materials and gels with low G values poses a challenge. Recent advances have included a number of workarounds such as exploiting a sacrificial sugar layer to be dissolved away [49] , or printing in a bed of gel-like material which offers structural support [47, 50] . Fig. 3 .1C and D show an example of using granular gel as a 3D writing medium which has yield stress and shear thinning properties. The shear thinning property facilitated easy movement of the printing nozzle through the gel, whereas after printing the yield stress helped sustain the soft printed features (see Fig. 3.1D) . The approach enabled soft materials with elastic modulus less than 100 kPa to be printed [50] . Some specific examples of structures printed using support gel materials are displayed in Fig. 3.2 . Fig. 3 .2A shows some of the printed sugar glass structures ready to have cells cultured around them. This technique uses the printed sugar glass as a sacrificial medium to create the desired networks. This method showed how sacrificial material could be used to overcome structuring problems of soft materials and used to grow bioscaffolds. Such an ability to create vascular networks in engineered tissue constructs would prevent cell necrosis (death) inside the construct. To create perfusable vasculature an idea was brought forward to print sugar glass networks, grow the cells around them and then dissolve away the sugar glass to create the vasculature structure [49] . Fig. 3 .2B-D show some examples of the types of complex structures that can be printed using a granular gel as support structure. The intricacies achieved clearly demonstrate the potential of the methodology. Fig. 3 .2B shows a thin-shell model octopus made from multiple connected hydrogel parts with a complex, stable surface. Fig. 3 .2C shows printed Russian dolls, demonstrating the ability to encapsulate structures within one another. Fig. 3.2D shows a continuous knot written with an aqueous fluorescent microsphere suspension inside the aqueous gel.
Another technique has also been used to create perfusable vasculature, this time directly printing the vasculature network in a supporting gel [50] similar to the granular gel support printing described above. Fig. 3 .2E and F show a section of the printed vasculature. These figures show the hollow lumen achieved, as well as the multiple bifurcations while maintaining a vessel wall thickness of less than 1 mm [50] . Fig. 3 .2G shows a time lapse image of dye perfusing through the vasculature, demonstrating that the flow is through the lumen not the walls.
An important parameter which affects the printing process is pressure drop through the printing nozzles. To a first approximation the pressure drop through a nozzle can be understood by considering the nozzle to be a uniform diameter capillary. With this approximation, the flow rate and pressure drop relationship for a power law fluid (a common ink type) can be written as [4] :
where Q is fluid flow rate, μ is the dynamic viscosity, R is the inner radius of the capillary, and ∆p the pressure drop over a length l. The result for a Newtonian fluid (Poiseuille relationship), can be obtained by substituting n equal to 1. Clearly, for the same flow rate, the increase in pressure drop with reduction in capillary radius is very high. In fact, in the Newtonian case, with a reduction in radius by a factor of two, the pressure drop rises by a factor of 16, thereby clearly highlighting the challenges of high-resolution printing as discussed above.
Substrate Wetting
Substrate wetting by ink has a direct influence on the resolution and the adhesion of the printed structures. A droplet placed on a substrate offers first insight into the wettability and takes a form dependent on three different surface energies: interfacial tensions between liquid-gas ( ), solid-liquid ( ) and solid-gas ( ). The latter is surface energy of the solid and is the surface tension of the liquid, also used earlier without the subscript. The competition of these three different surface energies decides the shape a droplet assumes on the substrate. In the so called partially-wetting regime on a smooth, homogeneous substrate, the droplet takes the form of a spherical cap (see Fig. 3.3A) with an angle at the periphery. This angle is formed at the contact line, where the three interfaces meet and the interfacial tensions are in balance. For a smooth spherical cap shape the contact line is circular. The angle is referred as Young's contact angle. "Real" substrates have minimal roughness and also tend to have heterogeneity. This affects the surface wetting and results in different angles for an advancing and receding liquid interface. The advancing and receding angles and can be measured by gradually increasing and decreasing the volume of a liquid droplet on the substrate and measuring the resulting contact angles (see Fig. 3 .3B and C). Difference in and is referred to as contact angle hysteresis and it plays an important role in the printing process [5] . For example, for a large hysteresis a printed droplet can become pinned on the substrate and evaporation of the solvent can lead to a non-uniformity of the deposit (see 'coffee ring' effect discussed below). Surface treatment techniques such as roughening, plasma treatment, surface functionalisation with various chemicals, etc. can be used to form the monolayer on the substrate and alter the contact angle and thereby the printing resolution (see Fig. 3.3D-F) . Fig. 3 .3D shows oxygen plasma treated acrylic, Fig. 3 .3E untreated acrylic and Fig. 3 .3F shows a droplet on acrylic spray coated with a superhydrophobic coating [51] . Such wettability manipulation techniques are frequently employed to alter the surface adhesion and/or printing resolution.
The surface energies mentioned above are directly related to the work of adhesion ( ), which is a measure of the liquid adhesion with the substrate. The work of adhesion is essentially the energy (per unit area) required to separate a liquid from the solid it is lying on and can be shown to be [52] 
The Equation 3.4 clearly indicates that the existence of advancing and receding contact angles correspond to a hysteresis in the energy 'spent' to destroy a liquidsolid interface by separating them and the energy 'obtained' by forming them. This can be understood by replacing the contact angle in Equation 3.4 by and , respectively. Generally, for every real substrate is smaller than , this amounts to a positive energy penalty in the removal of a liquid, relative to forming the interface by advancing the interface on the substrate. In other words, a high contact angle hysteresis may in fact be advantageous for promoting adhesion of the printed inks and features on the substrate. Additionally, the hysteresis can also help by adding additional stability to liquid filaments and liquid bridges in direct-write and dip-pen printing techniques mentioned above. 
Nozzle properties
For printing techniques employing nozzles, nozzle properties obviously play an important role. Finer nozzles are typically prepared by pulling glass capillaries using a micropipette puller followed by coating them with metal film, if required. Some direct-write approaches using modified AFM tips, rely on photolithography and etching processes to manufacture hollow AFM tips [53] . Nozzle size and wettability are the two most important nozzle properties influencing printing and are discussed sequentially below.
Nozzle size
The resolution of printed features is directly related to the diameter of the printing nozzle. As mentioned above, the DW printing technique uses a back pressure to extrude the ink through the printing nozzle to form a filament. The size of the filament is closely dependent on the nozzle diameter, with the wettability and the ink evaporation obviously also having an influence.
In EHD printing, the resolution is related to the size of the droplet. Typically, the droplets and e-jets are an order magnitude smaller than the nozzle (meniscus) size. This is an advantage of EHD printing as the clogging issues increase with reduction in nozzle diameter (see discussion on ink evaporation, discussed below). To obtain micro/nanoscale droplets, the applied voltage needs to be controlled precisely.
Nozzle wetting
Nozzle wetting has an important role in deciding the size of drops and filaments. A careful control of nozzle wettability can add to stability of printing and/or also help control the printing resolution. Fig. 3.4 shows the comparison results for nozzle wettability effects [54] . From left to right, the form of the liquid meniscus is shown on hydrophilic, hydrophobic and superhydrophobic nozzles, as observed by Dong et al. [54] . For the hydrophilic nozzle, water overflows out of the nozzle, across to the outer surface and up the outer wall. For the hydrophobic nozzle, a pendulous droplet was pinned at the outer edge of the nozzle. For the superhydrophobic nozzle, the droplet did not move past the inner edge of the nozzle-tip surface due to the strong restrictions caused by the superhydrophobic edge effect. The following gravity and capillary force balance can predict the volume of the dripping droplet from the nozzle
where V is the volume of a droplet, is diameter of the droplet contact line at the nozzle, is the liquid detaching contact angle and and are surface tension and ink density respectively. The tip of the nozzle can be thought of as a surface with a contact angle and contact line. In the case of the hydrophilic nozzle, the contact line has moved up away from the tip and is around the outer diameter of the nozzle (Fig. 3.4A) . The contact angle is more obvious for the hydrophobic and superhydrophobic nozzles as the contact lines are pinned at the outer and inner diameter edges respectively. The contact angle is measured as described above at the point where the liquid, solid and gas phases met. As the capillary force acts on the droplet at a diagonal we use geometrical analysis to calculate the vertical component resisting the gravitational force, resulting in Equation 3.5. Due to the increasing contact angle as we progress towards superhydrophobic nozzles, the attachment area for the droplet is getting smaller. For a superhydrophobic nozzle the contact diameter matched with nozzle inner diameter , thereby leading to smallest size of the dripping droplet (down to picoliter volumes). This means that less mass can be supported at the tip by the capillary force resulting in smaller droplet volumes and hence smaller droplet sizes. As droplet size and meniscus location are closely related to printing resolution, this discussion clearly shows that we can increase resolution in fluidic assisted printing by carefully controlling the surface properties of the printing nozzles used.
Dynamic effects
The printing process by its nature is dynamic and is thus influenced by a number of key related features such as liquid(ink)-solid(substrate) dynamic impact, ink evaporation etc. In fluidics assisted printing techniques these features not only influence the quality and resolution but in fact can be exploited to expand the capability of printing techniques. For example, tuning evaporation rate can help use droplet based printing technique to print 3D structures or controlling the in situ evaporation and changes in viscoelasticity of inks can enable printing of self-supporting 3D structures.
Controlling evaporation is important to ensure stability of the printing process itself. Evaporation will influence many aspects of fluidics assisted high-resolution printing. Starting in the nozzle, if the evaporation rate is too high then the solvent will evaporate out and the ink will solidify before it is deposited onto its intended surface. Assuming that the evaporation rate is not too high and the ink can be successfully extruded, the evaporation rate still plays a key role even once the ink is deposited onto its intended surface. The evaporation will influence factors such as the spreading on the surface, the drying/potential 3D structuring of the pattern and the homogeneity of the cured ink in the printed structure. Features of evaporation and its effects can be understood by analysing the relevant time scales.
On most real surfaces with contact angle hysteresis, evaporation of a liquid drop occurs with its contact line pinned. For good substrate adhesion (see the substrate wettability section above), a low contact angle is desirable. The time scale of evaporation for a droplet with pinned contact lines in the regime of low contact angles can be written as [6] :
Where dc is the pinned contact diameter, ρl is the liquid density, Ml is the molecular weight, Dl is the diffusion coefficient of the liquid vapour, T is the temperature of the liquid vapour, Δp is the partial pressure difference, R is the gas constant and θ0 is a low contact angle. The partial pressure difference is calculated between the pressure at the liquid gas interface and the pressure at infinity (very far from the interface). This difference is the driving potential for evaporation.
Therefore, for 3D printing, to build up consecutive layers the time between printing each layer must be greater than the time of evaporation so that the solvent can evaporate out and the ink solidifies. In some printing setups, the ink is not solidified via solvent evaporation and other methods are used such as a chemical reaction or cooling through a transition temperature.
As stated previously we are looking at evaporation in a regime where the contact line is pinned. In this regime, the evaporation rate is greater at the contact line than at the centre of the drop. The ensuing non-uniform vapour flux causes the ink in the middle of droplet to flow towards the contact line. Since the evaporation rate is greater at the contact line, the solvent is removed and any particles it was carrying get deposited there. Therefore, there is an uneven deposition of particles around the contact line. This has come to be known as the "coffee ring" effect [55] , because the same mechanism decides the ring like patterns forming when a drop of coffee dries out on a table or a floor. When printing structures this is an undesirable effect so efforts have been made to try and overcome it.
In addition to the evaporation time (τevap) mentioned above, we must consider the time scale for particle diffusion (τpart) through the ink in order to determine the likelihood of coffee ring formation. The idea essentially is that, if τevap < τpart, then the particles would not have time to diffuse to the edges (contact line) in order to see the coffee ring formation, essentially freezing them in their original homogeneous dispersion with very quick evaporation. This idea can be taken further as if there is continuous evaporation of the carrier solvent then the contact angle of the droplet can be reduced to less than the critical receding angle limit ( ). Below this , the contact line is no longer pinned and a coffee ring is unable to form. Therefore, the updated evaporation time can be expressed as:
τpart can be calculated by following the Einstein-Smoluchowski analysis of Brownian motion [56] .
where Dp is the diffusion coefficient and ̅ is the average separation between particles, which naturally depends on particle size and volume fraction. The diffusion coefficient is given by the Stokes-Einstein relation [57] .
Where kB is the Boltzmann constant, T is the temperature, µ is the dynamic viscosity and dp is the particle diameter. The average particle separation can be calculated as:
where is the particle volume fraction and dp is the particle diameter [58] . A further analysis on evaporation time, including hydrophobic surfaces, was carried out by McHale et al. [59] . Hydrophobic surfaces are those that have a low contact angle hysteresis so droplets that land on them find it very difficult to adhere and simple roll off the surface. With these types of surface, the contact line can move and therefore the droplet needs to keep a constant contact angle to evaporate. The result of this analysis is shown below. .11) where is the contact diameter. For all given equations for evaporation time (Equations 3.7, 3.8 and 3.11) the time scales with the contact diameter squared. For high-resolution printing, this means that as we reduce the contact diameter to improve the resolution we also increase the evaporation rate. If we decrease the contact diameter (and hence resolution) by one order of magnitude the evaporation time speeds up by two orders of magnitude. This must be kept in mind when designing inks for use in high-resolution fluidic assisted printing.
Given the undesirability of coffee ring like deposits, a number of strategies have been developed to avoid it (Fig. 3.5) . Shen et al. [57] first showed that coffee rings can be avoided by simply going to smaller droplets. This can be understood as follows. From the above discussion, by equating the expressions for τevap and τpart, we can determine the critical droplet size (contact diameter) dc to prevent coffee ring formation. In Fig. 3 .5A, the "large" droplet on the right shows coffee ring formation, whereas the small droplet on left (with size below dc) shows particle deposition throughout the droplet base, overcoming the coffee ring problem. This is an advantage for high-resolution printing. Note that in constant contact angle mode of evaporation, the contact line moves and thus the deposit is uniform to start with. Fig. 3 .5B shows exploitation of Marangoni flow to overcome the coffee ring problem as first proposed by Hu and Larson [60] . Non-uniform evaporation of the pinned droplet causes a temperature gradient at the droplet-air interface, which can lead to a Marangoni flow, which can overcome the capillary flow involved in coffee ring formation and thus help avoid coffee ring formation. As another strategy, Yunker et al. [61] showed that coffee ring formation can also be avoided in suspensions of high aspect ratio particles such as ellipsoids. The reason was that once ellipsoidal particles reached the droplet-air interface, the long-ranged capillary interaction between the particles increased by two orders of magnitude and thus the particles were effectively locked in place, thereby forming a uniform deposit after solvent evaporation, unlike spherical particles where the capillary interactions were weaker (see Fig. 3.5D ). Interestingly, they also showed that by mixing a small amount of high aspect ratio ellipsoidal particles into a spherical particle suspension this lead to a near uniform deposit formation. These strategies are naturally of great practical importance to high-resolution printing. shows Marangoni vortices in an octane droplet [60] . (C) shows the initial homogeneous dispersion of spherical particles (top) and elliptical particles (bottom) and (D) shows how the shape of the particles alters the trying patterns of the droplets over time and how elliptical particles prevent coffee ring formation [61] .
The next dynamic feature is related to the dynamic impact of ink drops on the substrate. The exact form and dynamics of the impacting drops has been studied for a variety of different applications and its exact features depend on a number of physical parameters and non-dimensional numbers. These numbers are based on physical properties of the ink and can be used to describe drop impact and dynamics. The key non-dimensional numbers are the Reynolds (Re), Weber (We), Ohnesorge (Oh) and Bond numbers [62] . The Reynolds number is used to indicate whether a flow is steady or turbulent and is defined as:
where v is the velocity, ρ is the density of the ink, a is the characteristic length and is the dynamic viscosity [62] . The Weber number is used to analyse the relative importance of inertia and capillary forces, and is defined as:
where v is the velocity, ρ is the density of the ink, a is the characteristic length and γ is the surface tension of the ink [62] . It determines the features of drop shapes during and after impact.
The Ohnesorge number is the ratio of internal viscosity dissipation to the surface energy [63] and is defined as:
(3.14)
The Bond number (Bo) captures relative importance of gravity to surface tension and can be expressed as:
where ρ is the density of the ink, g is the acceleration of gravity, a is the characteristic length and γ is the surface tension of the ink [62] .
For the densities of inks usually used in the printing setups described above (~1000 kg m -3 ) and their surface energies (~0.1 J m -2 ), by plugging in the length scale as 10 m or lower, we can immediately see that in high-resolution printing the Bond number is far less than 1 (Bo<<1). This means that gravitational forces can be neglected, leaving inertial and capillary forces as dominant [62] .
For low We (typical of high-resolution printing) droplets falling onto a solid surface the impact can be divided into two regimes: impact driven and capillary driven [64] . In the impact driven regime inertial forces dominate and in the capillary driven regime the initial velocity of the droplet is unimportant and a change in behaviour occurs at a critical value of We.
The Oh gives a measure of the force that resists droplet spreading [64] . Fig. 3 .6 presents a schematic capturing the temporal evolution of drop shapes under different impact conditions. The time scale can be analysed using the following scaling * = ( 0 ⁄ ) (3.16) where t is the time, v the drop impact speed and d0 the droplet diameter [62] . The initial stage of the impact is purely kinematic and is short lived, t * = 0.1 (approximately equivalent to < 1 µs). After the impact, there is a point of maximum spreading, when all the impact kinetic energy converts into surface energy; the viscous effects are negligible in this inertia dominant phase. Following this the droplet shows recoil and/or oscillations. These oscillations can be damped by viscous forces. At this stage, depending on the surface energy of the liquid (ink), the substrate and the air interfacial energies, surface tension (capillary) dominated gentle spreading can take over. For t * ≈ 10 to 100, the capillary force entirely dominates. When t * exceeds a value of about 1000, the spreading is essentially at equilibrium and stops. If present, this final stage spreading is very important to fluidic printing as it can affect the print resolution. Figure 3 .6: Schematic illustration of the sequence of events that occurs after droplet impact on a substrate. Initial impact is followed by a series of damped oscillations before capillary-driven flow occurs. θ is the contact angle, d0 is the initial droplet diameter, Dm is the maximum radius to which a droplet spreads during impact, and Vi is the droplet velocity at impact [62] .
At high impact speed, there is a danger of droplet splashing which can adversely affect the print resolution. To avoid splashing the following must hold [65] 
where f(R) is a function of surface roughness only. This relationship has been explored by a number of authors, and for flat, smooth surfaces f(R) ≈ 50 [65] .
Exemplar demonstrations of high-resolution printing
In this section we present a number of salient examples of devices printed using various fluidics assisted, high-resolution 3D printing techniques. In addition to the techniques mentioned above, examples of hybrid printing techniques employing more than one basic printing principle are also presented. (C) shows an embedded printing process inside a reservoir filled with an elastomeric material; post-printing the printed filler material and the elastomeric matrix were cured to obtain flexible sensors [67] . (D) and (E) are printed arches for different applications. (F) are butterfly structures printed by in situ curing of direct-write silver filament to realise a 3D printing capability [68] .
Direct-write printing
Direct-write printing has seen an increase in the diversity of materials being formulated as printable inks. As more and more materials become available to this printing process, it opens the door to a wide array of novel applications. Ahn et al. developed inks for different microelectrodes and metallic structures as shown in Fig. 4 .1A and B. In Fig. 4 .1A, silver microelectrodes were patterned onto a flexible polyimide substrate and also used as a strain gauge [29] . Fig. 4 .1B shows microelectrodes so small that they are transparent to the naked eye. These microelectrodes have been printed using silver and Sn-doped indium oxide (ITO -a widely used, electrically conductive material, in optoelectronics) and demonstrate the stability of the structures by printing to span relatively wide gaps [66] . Stable 3D structures require sufficient storage modulus (G). A number of methods have been developed to overcome the requirement of a high G value, such as printing in a reservoir of supporting medium and using lasers and UV light to cure the structure during the printing process. These techniques allow inks that would be unable to form 3D structures, due to low viscoelasticity properties, to achieve 3D structures. Fig. 4.1C shows a printing process, also known as embedded 3D printing (e-3DP), used to fabricate strain sensors inside a highly conformal elastomeric matrix [67] .
Ahn et al. demonstrated how direct-write printing can be expanded to additional dimensions. By increasing the solid content of their inks they were able to achieve a higher value of G which as discussed previously enables self-supporting structures. Fig. 4 .1D and E shows printed arches Fig. 4 .1D displays the flexibility of the silver arches by printing a line along a stretched spring. As the spring relaxes back to its equilibrium the silver line flexes and stretches with the spring resulting in the pattern shown. Fig. 4 .1E demonstrates structural stability as arches of silver can be printed on a gallium arsenide-base to span across perpendicularly orientated wires [29] . Fig. 4 .1G shows structures printed using a photonic annealing method applied during printing. The butterfly in Fig. 4 .1G was printed using a laser to achieve point annealing immediately after extrusion form the nozzle [68] . Along similar lines, Lebel et al. manufactured helix structures by using UV light to anneal small areas after extrusion [69] . show two different magnifications of the same printing pattern, showing full spectrum colour 2D printing using a quantum dot suspension as ink; (B) is SEM image zooming near the parrot's eye. [70] . (C) top image shows an array of gold nanoparticles printed using inverse block copolymer micellar inks seeded with a gold salt, bottom image shows a zoom in to one gold nanoparticle [71] (D) are gold grid transparent electrodes [72] . (E) left image comprises of printed columns arranged to recreate the image of a bridge, the right image shows a zoom in showing the columns [73] . The nanocomposite columns absorb light and help tune the colour of absorption spectra. (F) is a 3D printed archway structure used to study interstitial migration of cancer cells [74] .
EHD printing
The versatility of EHD printing has been demonstrated through a large variety of features and devices. Fig. 4.2A and B shows how high resolution EHD printing can be used to print 2D patterns of red, blue and green quantum dots in order to create very high-resolution, full spectrum colour images. Fig. 4 .2A shows the full picture which measures only 94 m x 125 µm (about the same as the cross section of a human hair!). Fig. 4 .2B shows the transition from the background to the printed area of some of the parrot's feathers. Fig. 4 .2C top shows an array of gold nanoparticles printed using an inverse micellar block copolymer ink seeded with gold salt; the image in Fig. 4 .2C bottom shows an individual nanoparticle from the array. Post-printed copolymer-gold salt dots were plasma treated to obtain site specific deposition of the gold nanoparticles. Fig. 4 .2D shows examples of 2.5D printing. Though this type of printing is out of plane, it is not fully-fledged 3D printing. Instead we refer to it as two and a half dimension (2.5D) printing, meaning that it is an out of plane extension of a 2D profile. Here we see gold electrodes composed of multi-pass EHD printing. These printed structures are so small that they are transparent to the naked eye. The electrical properties of these structures, combined with their small size, allows for transparent electronics to be created which could have many potential applications for devices such as touchscreens [72] .
By controlling the drop size and ink evaporation, EHD can readily enable out of plane and 3D structures: Fig. 4 .2E shows examples of this type, comprising an array of gold nanocomposite pillars. By carefully controlling the pillar heights, different levels of optical absorption in the visible range were achieved. Spanning from complete absorption to complete reflection the image of a bridge was successfully recreated [73] . Fig. 4 .2F demonstrates the ability to create fully 3D structure with EHD. Printed archway structures are shown which were built up by carefully controlling droplet deposition to create multiple layers and patterns resulting in a 3D microstructure. Structures such as these were used to create micropores for interstitial migration of cancer cells [74] and to study high frequency data transfer induction [75] . [76] . (C) Two zigzag structures fabricated by a dual-channel nanopipette [77] . (D) A triple helix, demonstrating the capability to fabricate intertwined shapes thanks to the layer-by-layer approach. The individual helices are colored for better distinction [53] . (A) and (B) printed using so called meniscus confined electroplating and (C) and (D) printed using in situ electroplating using dispensed ions in liquid. The imposed electric field is engendering electroplating here and the wetting or pneumatically enabled forcing of the ink enables 3D printing as in direct-write printing [53] .
Hybrid techniques
As high-resolution printing technologies advance, hybrid methods are beginning to emerge, which combine principles and techniques from different printing approaches to create unique techniques with specific advantages. We will focus on hybrid techniques which combine aspects of direct-write printing and EHD printing. One of the earliest hybrid techniques is meniscus-confined electroplating [76] . Standard electroplating is a surface reaction and in this technique the high-resolution is achieved by restricting the areas where the electroplating occurs using a liquid meniscus [3] . Meniscus-confined electroplating combines nozzle flow and localisation, from direct-write, with the principle of applying an electric potential between the nozzle and substrate, similar to EHD. Metal salt solutions (electrolytes) are used as the inks and they are brought close to the substrate inside a micronozzle. When the nozzle is close to the substrate a meniscus forms (dependent on humidity) between the nozzle and the substrate. The substrate is negatively charged with an oppositely charged electrode (thin wire) positioned inside the nozzle. By applying an electric field between these two electrodes the electroplating reaction will occur within the electrolyte meniscus. By properly designing the nozzles, the meniscus could be stabilised even while moving the nozzle, thereby facilitating the printing process while moving the nozzle [76] . Figures 4.3 A and B show examples of printed copper interconnects made using meniscus-confined electroplating. The complex structures are printed by altering the shape of the nozzle to enable a meniscus to have vertical and horizontal components [76] .
Another hybrid technique is force-controlled nanopipette electrodeposition or electroplating of locally dispensed ions in liquid, as it is also known [3, 53] . This technique has similarities to meniscus-confined electroplating in that again the electrochemical reduction is localised by using a nozzle to place the metal salt ink in the desired locations. An electrical potential is also used in this technique to cause the electrochemical reaction for deposition of the material, however, the electrode arrangement is altered. One electrode is attached to the substrate surface, as before, but the other one is positioned inside a bath of supporting electrolyte (the printing process occurs inside a liquid) [3] .
There are two nozzle/electrode configurations that are used in this technique. The first uses a double barrelled nanopipette nozzle adapted from a scanning ion conductance microscope (SICM). The metal salt ink is passed down one of the barrels and the other is empty. The ink is forced down the nozzle where it can be placed in the required deposition position. The ions that flow out of the nozzle are electrochemically reduced in situ to the charged substrate plate [77] . An additional pair of electrodes are employed in this setup, one inside each barrel. The one in the empty barrel is used for SICM feedback and the one in the ink filled barrel is used to control the ink flux by electromigration [77] . Figure 4 .3 C shows two printed columns where the freedom of movement has been utilised to create a zig-zag structure of the columns. These were printed using the nanopipette setup described.
The second configuration for this technique uses a slightly less obvious nozzle. Instead of a pipette nozzle, an atomic force microscope (AFM) tip is used. The tip has a nanochannel to allow flow of the ink to the tip apex for precise localisation. Again, there is an electrode attached to the substrate and another positioned in the electrolyte bath. Similar to before, the ionic ink exits the aperture and the electric potential causes the in situ electrochemical reduction to occur. No additional electrodes are required in this setup as the ink flow is regulated with a pressure controller and the feedback is provided by the force between the tip apex and the substrate, as used in contact mode AFM [53] . Figure 4 .3 D is a great example of the type of complex structures that this technique can create. This triple helical structure was printed using the AFM tip setup and demonstrates how intertwined structures can be produced using the layer by layer printing approach.
The advantage of force-controlled nanopipette electrodeposition/electroplating of locally dispensed ions in liquid is that there is a heightened freedom of movement of the tip [3] . In meniscus-confined electroplating, forming a meniscus in the desired location to generate complex structures can be difficult and special nozzles are required for specific printing pattern movements. With force-controlled nanopipette electrodeposition/electroplating of locally dispensed ions in liquid this limitation is overcome. Since there is no requirement to form a meniscus (just deposition of liquid ions to be reduced) complex structures can easily be formed layer by layer.
Overall, these hybrid techniques have been used to produce impressive structures with great potential to further advance the high-resolution 3D printing of many more materials. [78] . (B) demonstrates how many single droplets can be printed in array patterns [79] . (C) illustrates how lines can also be printed with LIFT [36] . (D) gives an example of the complex structures that can be built layer by layer [3] .
Nozzle-less printing
A number of functional structures have been printed using nozzle-less printing techniques and a wide swath of applications have also been shown to be feasible. Fig.  4 .4A demonstrates the fluorescent polymeric fiber arrays printed using a pyroelectrohydrodynamic approach [78] and Fig. 4 .4B demonstrates how LIFT can be used to print high-resolution fluorescent polymeric fiber structures and nanoparticle arrays [79] . By increasing the fluence rate and altering the movement of the substrate stage LIFT can be expanded to print lines as well (Fig. 4.4C) . Complex high-resolution 3D structures can also be constructed by building up multiple layers of deposited material as shown in Fig. 4.4D .
Both LIFT and pyroelectrohydrodynamic printing clearly demonstrate a stronge potential for nozzle-free high-resolution printing. Current issues under intense research, especially for high-resolution printing, include a need for precise control of fluence, tight parameter window for stable operations etc. ) show how nanowires can also be printed onto a human fingernail and maintain the high-resolution print quality. (E) and (F) and (G) illustrate how transfer printing can also be used on soft materials such as skin and an apple [80] . (H) shows a flexible substrate with printed nanowires attached to human skin [80] . (I) is a stack of silicon ribbons demonstrating that 3D structures can be created with transfer printing [41] .
Transfer printing has an advantage over other printing methods as it can be used safely on a multitude of different substrates and it is essentially a parallelised printing approach. Despite this versatility it still remains high-resolution with demonstrated ability to create nanometre feature sizes. Transfer printing is extremely good at printing 2D structures and though there are limitations to the 3D structures it can create, many are still possible.
The advances of transfer printing allow it to easily print on curved surfaces (Fig.  4.5A and B showing printing on glass) and many soft and flexible substrates as shown in Fig. 4 .5C-F (examples of printing on finger nails (Fig. 4 .5C and D) and human hands (Fig. 4.5 E) ) [39] . The ability to create nanostructures on highly complex biological materials such as human skin (Fig. 4.5E ), human fingernails (Fig.  4 .5C) and fruit (Fig. 4.5G ) without any pre-treatment of the surface has opened the door to many sensing applications. The approach has also been used to print structures on flexible substrates and be attached to skin [80] . This approach has also been utilised to make flexible quantum dot displays which have potential applications in many fields [39, 81] . The approach has also been shown to print multi-layered silicon ribbon stacks on silicon by making use of elastomeric stamps [41] . By harnessing this feature of transfer printing, and its high-resolution structures, in vivo biosensors could be developed. These printed structures could potentially detect biological signals and biomarkers [39] . Dip-pen nanolithography can create nanoscale resolution printed structures. This is illustrated quite well in Fig. 4 .6A which shows a series of dots, each of which are comprise of a pattern shown in the inset [27] . The overall pattern consists of 55,000 dots. Each dot is in fact an image of an American 5 cent coin depicting Thomas Jefferson's face. As a further demonstration of the technique's resolution, Fig. 4 .6B shows an image of a dip-pen printed logo of the 2008 Beijing Olympic Games. The small dimensions of the logo make it possible to fit 2,500 of them on a single grain of rice [82] . Fig. 4 .6C and D are images of some of the fist dip-pen printed dot patterns reported by Mirkin's group. The different sizes of dots were achieved here by holding the tip in position for differing lengths of time. The longer the tip was held, the more of the ink could diffuse to the substrate. This technique can be replicated to create arrays of dots as seen in Fig. 4 .6E. As well as dots, the group also showed a clear feasibility of printing grid patterns (Fig. 4.6F) , with each line of the grid being ~100 nm wide and 2 µm long. 
Dip-pen nanolithography
Summary and perspective
In this chapter we have presented a number of high-resolution 3D printing techniques where fluidics plays an important role. Challenges of high-resolution printing were discussed along with highlighting the formation and stability of droplets, jets and filaments (including liquid bridges), which are key features among different printing techniques. This also included discussion on relevant time and length scales in direct-write, EHD, nozzle-less, dip-pen and transfer printing techniques as well as hybrid approaches that employ more than one actuation mechanism for delivering printing "inks" to substrates. Next, the materials and fluidic features underpinning these techniques were discussed in detail. This included clear understanding of rheological, wetting and dynamic effects. Finally, a few exemplar printed structures were present to give a sense of the current state-of-the-art in fluidics assisted, highresolution 3D printing. From flexible electronics to healthcare, from smart photonics and plasmonics to precision micro-robotics and sensing, the potential applications of high-resolution 3D printing is truly enormous. Among other things, these techniques have a clear potential to serve as low-cost prototyping tools for novel micro/nanotechnology devices, in low-resource settings. From our discussions in this chapter, it is clear that a true synergy of material science, chemistry, fluidics and electronics is needed to push the frontiers of the technologies presented. In particular a lack of reliable fluid mechanics models for inks with complex rheological properties is an obvious area for future work. The serial nature of most 3D printing techniques puts a limit on throughput. One relatively obvious approach is to use serial approaches such as direct-write, EHD printing etc. to create master stamps for transfer printing which is highly parallelisable. Exciting new frontiers in printing soft materials and supporting scaffolds for biological niches [83] [84] [85] and functional organ-on-a-chip [86] applications are other medium term achievable goals, where initial feasibility has already been established. Combining serial printing with micro-molding approaches, e.g. soft lithography, can be another feasible route to overcome the issues in formulating an ideal ink for a particular material. Demonstrating ready and facile integration of printed devices e.g. miniature wearable sensors and biosensors on medical devices, is another exciting area of development. In addition, exploiting self-assembly principles in conjunction with printing can offer further design and manufacturing flexibility [87, 88] . Overall, with time, seamless integration of sophisticated machine learning techniques into high-resolution printing systems may also be a way to overcome the relative complexity of controlling multi-parameter optimisation that is often needed in successful realisation of high-resolution printed structures. Indeed, high-resolution 3D printing is a very unique and versatile topic for multidisciplinary and high impact research.
